Atomically thin transition-metal dichalcogenides (TMD) hold promise for making ultrathin-film photovoltaic devices with a combination of excellent photovoltaic performance and mechanical flexibility. However, reported absorption for photovoltaic cells based on two dimensional materials (2D) materials is still just a few percent of the incident light due to their sub-wavelength thickness leading to low cell efficiencies. Here we discuss that taking advantage of the mechanical flexibility of 2D materials by rolling their Van der Waal heterostructures such as molybdenum disulfide (MoS2)/graphene (Gr)/hexagonal boron nitride (hBN) to a spiral solar cell, leads to strong light matter interaction allowing for solar absorptions up to 90%. The optical absorption of a 1 m-long hetero-material spiral cell consisting of the aforementioned hetero stacks is about 50% stronger compared to a planar MoS2 cell of the same thickness; although the volumetric absorbing material ratio is only 6%. We anticipate these results to provide guidance for photonic structures that take advantage of the unique properties of 2D materials in solar energy conversion applications.
INTRODUCTION
Isolation of 2D materials [1, 2] and recent research results in Van der Waals heterostructures [3, [5] [6] [7] [8] [9] [10] 17] has provided new opportunities to form complete 2D material systems, made of metallic (graphene), insulating (hBN) and semiconducting (MoS2 or WS2) 2D materials, that enable functional devices with atomic thickness in a wide range of optical applications.
The family of Transition Metal Dichalcogenides (TMD) contains four 2D crystals of molybdenum disulfide (MoS2), molybdenum diselenide (MoSe2), tungsten disulfide (WS2), and tungsten diselenide (WSe2) that are stable at ambient conditions, and semiconducting with optical bandgaps in the range of 1~2 eV. Taking a closer look at monolayer TMDs reveals some exceptional properties relating to interactions with light; quantum confinement in perpendicular direction to the plane of 2D material causes the band gap of MoS2, for instance, to increase from an indirect band gap of 1.2 eV for bulk material to a direct band gap of 1.8 eV for monolayers, which is accompanied by a 10 4 fold photoluminescence (PL) enhancement [4, 15] . Such thickness-dependent bandgap tunability of MoS2 has enabled tunable photo-detectors for absorption in different wavelengths, where single-and double-layer MoS2 absorbs green light, while triple-layer absorbs in the red visible spectrum [11] . Despite being atomically thin, hence visually transparent, TMDs are promising sunlight absorbers originated from their rich Van Hove singularity peaks in their density of states [6] . Because of their atomic thickness, optical and electrical properties of TMDs greatly alter by perturbations such as number of layers, physical stress, and coming in contact with other materials. For instance, an induced physical stress on MoS2 reduces the crystal symmetry, leading to significant shifts in the energy bands [12] [13] [14] . Such controlled bandgap engineering can introduce new opportunities for device engineering such as multi-band-gap photovoltaic devices.
Previously vertical heterostructure stack of Gr/Mos2 materials was studied for photocurrent extraction and spontaneous light emission [6, 7] . These heterostructures can utilize effective combination of good solar spectrum absorption of TMDs and high mobility of graphene for carrier collection. This combination allows carrier collection by direct vertical charge transfer rather than lateral diffusion; hence improving photocurrent collection and reduce interlayer recombination losses [8] . We investigate a three-dimensional, non-bulk solar cell structure based on a stacks of 2D materials each with a functional purpose (figure1a, b); by rolling a stack of Gr/MoS2/hBN. This structure creates an absorbing cylinder forming a light-concentrating optical cavity as we discuss below. This structure is motivated by deploying the mechanical flexibility of 2D materials to enable a multilayer solar cell without the necessity to contact each of the layers separately. Hexagonal boron nitride (hBN) is employed as barrier layer since it is an isomorph of graphene, optically transparent, electrically an insulator with a wide bandgap of about 5.9 eV, and it reduces the traps of MoS2 layers indicated by improved mobilities [5] . Furthermore, a trilayer MoS2 with a bandgap of 1.6 eV [18] was chosen over a monolayer since bulk behavior is not expected to emerge beyond stacking of 3-4 monolayers [4, 7] , whereas mobility improves with the number of layers [5] . We contrast two absorbers, namely, the rolled up Gr/TMD/hBN "spiral" cell (figure. 1a), and a metal-cladded and metal inner-post "core-shell" cell (figure. 1b). The reason behind studying both is that as to separate the effect of the material (i.e. TMD) absorption from any optical nano-cavity effects the core-shell device might exhibit. For the latter design, the stack rolls around a core metallic rod and is then coated by another metallic shell, where both metals are the electrical cell's contacts. The core metallic rod with a low work function (aluminum) is in contact with the graphene, whereas the shell contact with a higher work function (gold) contacts to the MoS2 layer towards establishing selective contacts. 
THEORY
A commercial-grade simulator (Lumerical) based on the finite-difference time-domain method was used to obtain the absorption efficiency of the spiral cell. The critical physical parameters to this study are the refractive index and extinction coefficient of materials used in these simulation, both of which are extracted from experimental results in the literature [18] [19] [20] . Our simulation approach is to perform two separate simulations both with a broadband (in wavelength range of 300 nm to 800 nm), normally incident plane wave, with a specific polarization (Transverse Electric or Transverse Magnetic). Results for an unpolarized source can then be calculated by averaging simulation results of these two orthogonally polarized beams (TE and TM).
To obtain the current density values we first calculate the optical generation rate by:
Where is the angular frequency, is the reduced Planck constant, the imaginary part of the permittivity, and the electric field density. Next, we calculate the spectral current density of the device under incident AM 1.5 G solar spectrum:
Where  is the wavelength,  is the wavelength dependent absorption efficiency, and Γ is the spectral irradiance. We then calculate the short circuit current density by integrating spectral current density over the entire wavelength range of 300 to 800: DISCUSSION Generated carrier density in a 5 round spiral cell is shown in figure 3c ; it is evident that light gets absorbed by thin photoactive materials of MoS2 and graphene and generate electron ole pairs as it propagates through the spiral cell. The density of generated electron hole pairs and intensity of propagating light into the spiral cavity decreases as the light gets strongly absorbed in its path (figure 3c). The results of the spectral scan display resonant-like fringes in the absorption spectrum, which we associate to cavity resonances as discussed below (figure 2a). We also find a higher visibility for the core-shell cell (with the metal cladding) compared to the spiral design (pure dielectric), which can be understood from the optical field confinement inside the structure. The resonances themselves suggest the cylinder spiral structure resembling a nanowire, and hence exhibiting Fabry-Perot cavity behavior [16, 17] . To confirm the latter, we analyze the resonance peak-spacing from figure 2b and relating them to the inverse of the cavity length allows to test the Fabry-Perot cavity hypothesis via  = ( 2 /2L) (n-(dn/d)) -1 where L is the length of the spiral cell (cavity), n is the effective refractive index, (n-(dn/d)) -1 is the group index and  is the wavelength (figure 3d). Finding the results along a straight line confirms that the core-shell cell is a nanoscale cavity. This discussion suggests that the spiral structure behaves like a circular dielectric waveguide where the end facets act as reflecting mirrors. 
CONCLUSIONS
We have investigated a novel photovoltaic absorber and successfully demonstrated that rolling 2D materials into 3D nanostructures can significantly improve their photo absorption compared to atomically thin or even bulk configurations. The total Current density of the coreshell structure can reach 37.2 mA/cm 2 ; this current density is significantly higher than reported values for most commonly used silicon solar cells. However, a relatively small open-circuit of about 0.3 V is expected for the simulated MoS2/Graphene Schottky barrier stack used in this structure; leading to expected power conversion efficiencies of about 10%. Instead, using a type two heterojunction MoS2/WS2 in stack of Gr/MoS2/ WS2/Gr/hBN with multilayer MoS2 and WS2 could significantly improve the open circuit voltage achieved to 0.5~0.7 V [8] , thus increasing power conversion efficiencies of the spiral cell to above 20%.
Although still at an early stage of development, the known properties of atomically thin material systems for photon conversion are motivating for on-going research. Together with graphene and insulating layered materials such as h-BN, 2D semiconducting materials are an attractive choice for constructing solar cells on flexible and transparent substrates with ultra-thin form factors, and potentially even for mid-to-high efficiency solar cells (figure 3). 
